L ate-onset neonatal sepsis is acquired after the first 72 hours of life and often leads to meningitis. Escherichia coli frequently causes septicemia and meningitis. 1 However, at present, the pathogenesis of meningitis caused by E. coli is only partially understood for two reasons: (1) this infectious disease is a complex process formed by multiple bacterial-host interactions and (2) the high genetic diversity of the pathotypes among neonatal meningitis E. coli (NMEC) strains.
It is known that there are a few features that distinguish these strains. NMEC strains are part of the extraintestinal pathogenic E. coli (ExPEC) subgroup, most of which belong to phylogroup B2 2 and the sequence type (ST) 95 complex. 3 One of the most common serotypes is O18:K1:H7 4 to which 2 of the representative NMEC strains belong C5 and RS218. The K1 capsular antigen has frequently been detected among isolates causing septicemia and is also presented by approximately 80% of E. coli strains causing neonatal meningitis. 5 Type-1 fimbriae, S-fimbriae, outer membrane protein A, cytotoxic necrotizing factor 1, invasion brain endothelial cell proteins, arylsulfatase-like and TraJ have been described as traditional virulence-associated factors involved in different stages of meningitis. [6] [7] [8] [9] Some of these genes are usually located in clusters classified as "ectochromosomal DNA," 10 which can be horizontally transferred and hence may be easily spread.
The equilibrium between host defenses and the pathogenicity of the bacteria in terms of virulence and resistance determines the extent of bacterial infection and the outcome of the disease. 1 Prematurity and, consequently, low birth weight are risk factors for the development of septicemia and meningitis in neonates, 11 allowing these infections to be caused by "low-virulent" bacteria. 1 Neonatal intensive care units (NICUs) are sites in which infants are more prone to acquire nosocomial infections and are a focus of outbreaks, including diarrhea 12 or meningitis. 13, 14 For all these reasons, the identification of these pathogens is a challenge, especially if they present multidrug resistance leading to a therapeutic failure.
The aim of this study was to characterize an outbreak of neonatal sepsis occurring in the NICU at the Hospital Clinic of Barcelona from April to August 2013.
MATERIALS AND METHODS

Microbiologic Examination
Cerebrospinal fluid, urine and blood samples from the neonates involved in the outbreak were taken for microbiologic examination. In addition, 8 stool samples from health-care workers (HCWs) and 29 from neonates admitted from April to October 2013 were included to evaluate the dissemination in the NICU and to find the possible cause of the outbreak. Stool samples were inoculated on MacConkey agar and incubated at 37°C overnight. Suspected colonies were confirmed by Matrix-assisted laser desorption/ionization (MALDI)-TOF. All E. coli isolates were tested for K1 antigen by the agglutination assay using a latex KIT (PASTOREX Meningitis Kit, Bio-Rad). The isolates that were positive were confirmed using specific primers for neu-polymerase chain reaction (PCR), which amplify the neuraminidase locus identified as a specific K1 target. 15 Furthermore, the same PCR was performed in 42 E. coli isolates from pharynx and otic smears, blood cultures and one urine culture positive from neonates hospitalized from January 2011 to April 2013.
Strains
The strains selected to perform the different assays were the strain N38 belonging to the outbreak and other 4 K1-positive E. coli strains collected during the same period: N36 and N39, which were collected from healthy colonized neonates; N40, which caused an infection in a mother leading a fetal death; and N49, which was collected from a neonate suffering late-onset sepsis.
Multilocus Sequence Typing
This study used the multilocus sequence typing scheme for E. coli developed by Wirth et al. 17 Allele sequences were analyzed with a database available online (http://mlst.warwick.ac.uk/mlst/dbs/Ecoli).
Phylogenetic Analysis
The new phylotyping method by Clermont et al 18 with several modifications 19 was used to assign the E. coli isolates to the 8 phylogroups (B2, D, B1, A, E, and nontypeable F, C and E clade 1).
"In Vivo" Killing Assay With Caenorhabditis elegans
Killing assays were performed in C. elegans according to a previously described model 20 but using luria broth instead of brain heart infusion medium. Each strain was repeated more than 5 times using E. coli OP50 as the internal control. Lethal time 50% (LT50) is the number of days required to kill 50% of the nematode population.
Mass Spectrometric Sequencing of Protein Silverstained Polyacrylamide Gels
The total proteome of N36 and N38 was analyzed using 2D gel electrophoresis followed by mass spectrometric identification as previously described by Párraga-Niño et al. 21 
RNA Sequencing
RNA extraction was performed as described elsewhere. 22 rRNA depletion was done with the Ribo-Zero Magnetic Kit (Illumina, Spain) for Gram-negative bacteria. The TruSeq Stranded mRNA Sample Prep Kit protocol was followed according manufacturer's instructions. Libraries were validated by qPCR with Kapa Paired end, and 75 nucleotids (nt) read length libraries were sequenced on an Illumina Miseq resulting in a total output of 38 million reads. An average Phred quality score of 37 was obtained for the average of 3.1 million reads per sample. Reads were mapped onto the reference genome [E. coli O7:K1 str. CE10, complete genome (NC_017646) and its associated plasmids, E.coli O7:K1 str. CE10 plasmid pCE10A (NC_017647), pCE10B (NC_017648), pCE10C (NC_017649) and pCE10D (NC_017650)] using the EDGEpro software (Johns Hopkins University). 23 Resulting count datasets were exported to DESeq2, 24 where they were normalized and pair-wise differential expression was carried out. Genes below P = 0.05 were considered significant and used for Gene Ontology and Pathway analysis conducted by David. 
Real-time PCR Experiments
RNA extraction was performed as mentioned above in RNA sequencing, and the real-time PCR reactions were carried out after the same protocol. 22 For the RT-PCR, 500 ng of each RNA sample was used to make the reverse transcription, and the cDNA template was diluted 1 of 5. On one hand, the genes selected were those overexpressed in N38 compared with N36 by RNA-seq. These genes included rfaI, rfaL, rfaP, rfaY, waaT, waaV, waaW (all involved in lipopolysaccharide biosynthesis of E. coli), papI1 (encoding the pyelonephritis adhesin pili operon regulatory protein PapI) and fliD and fliC (involved in flagellar assembly). On the other hand, other genes were considered relevant because of the functions of their products. These genes were neuC (encoding the polysialic acid biosynthesis of the K1 capsule), kpsC and kpsD (encoding capsule polysaccharide transport proteins), fimD (encoding a type-1 fimbria), ompA (encoding an outer membrane protein) and aslB, ibeB, ibeC (encoding virulence factors associated with meningitis). 16S rRNA was used as the endogenous control. Primers to amplify these genes were the same as those used in previous studies or designed by Primer Express software (Applied Biosystems, Spain) (Table, Supplemental Digital Content 1, http://links.lww.com/INF/C737). The optimal concentration of the primers was from 2 to 9 µM after several assays. Amplification was performed using a StepOne RealTime PCR System (Thermofisher, Spain) using the Sybr Premix Ex Taq "Tli RNaseH Plus" kit and the Universal Thermal Cycling conditions: 2 minutes at 50°C, 10 minutes at 95°C followed by 40 cycles of 95°C for 15 seconds and 60°C for 1 minute. Data were analyzed with StepOne software v2.0, and the relative expression level for each sample (2 −∆∆CT ) was obtained.
Detection of Virulence Factor Genes (VFGs)
The virulence profile was analyzed by PCR using gene-specific primers (Table, Supplemental Digital Content 2, http://links. lww.com/INF/C738) as described elsewhere. 26 Twenty-three genes were studied: hemolysin (hlyA), cytotoxic necrotizing factor (cnf1), autotransporter toxin (sat1), P-fimbriae (papA, −EF, −C), type-1 fimbriae (fimH), type 1-C fimbria (focG), S-fimbriae (sfa/foc and sfaS), yersiniabactin (fyuA), siderophores (iutA and iroN), aerobactin (iucC), invasion of brain endothelium factors (ibeA and ibeC), two genes involved in meningitis (aslA and traJ) and heat-resistant agglutinin (hra). Additionally, a PCR was performed to detect the pathogenicity island (PAI) II J96 -like domain.
Adherence and Invasion Assays in Human Brain Microvascular Endothelial Cells (HBMEC)
A HBMEC line was grown in endothelial cell medium, supplemented with 5% of fetal bovine serum, 1% of endothelial cell growth factors and 1 of 100 dilution of penicillin/streptomycin solution (10,000 U/10 mg/mL). HBMEC was seeded onto 24-well tissue culture plates at a density of 2.5 × 10 5 cells. Bacterial cultures incubated overnight in luria broth at 37°C without shaking were used to infect each plate at a multiplicity of infection of approximately 100. Adherence and invasion assays were performed after a previously described protocol. 27 The only modification was the use of gentamicin (GEN) (100 mg/mL) or kanamycin (50 mg/mL) for the invasion assay depending on the strain's antimicrobial susceptibility. All experiments were run in duplicate on at least 3 different days.
Serotyping
Serotyping was performed in the Federal Institute for Risk Assessment (BfR) at the National Reference Laboratory for E. coli in Berlin, Germany. The Orskov and Orskov 28 and Ewing 29 protocols were used.
MacFarland densities. Susceptibility was tested for the following antimicrobial agents: ampicillin (AMP), amoxicillin-clavulanic acid, piperacillin-tazobactam, cefotaxime (CTX), meropenem (MEM), tetracycline, trimethoprim-sulfamethoxazole, GEN, amikacin (AK), kanamycin, nalidixic acid, ciprofloxacin (CIP) and fosfomycin. The ATCC 25922 strain was used as a standard control, and results were analyzed according to the 2014 Clinical and Laboratory Standards Institute guidelines. 30 
Biofilm Assay
Biofilm formation was detected using a previous protocol described by Merritt et al. 31 The result was considered positive when absorbance was greater than 4-fold the value of the absorbance of the negative control.
RESULTS
Outbreak Description
The index case was a 7-day-old female neonate with a gestational age and birth weight of 29.2 weeks and 1000 g, respectively. The neonate presented late-onset neonatal sepsis the 13th of April 2013, in addition to meningitis and intraventricular hemorrhage (IVH) grade II (Table 1) . Five more cases were detected thereafter. All were preterm neonates: 1 had late septicemia from a urinary focus and 4 presented late-onset septicemia and meningitis with severe neurologic sequelae leading to death in 3. The gestational age and birth weight of the neonates ranged from 25.2 to 29.2 weeks and from 750 to 1000 g, respectively. The neonates also had other pathologies such as different grades of hyaline membrane disease, necrotizing enterocolitis and central nervous system hemorrhage. Because of AMP and GEN resistance, the treatment was CTX, CTX + AK, MEM + CIP or MEM + AK according to the case. The length of the outbreak was 5 months, from April to August 2013 ( Table 2) .
Characterization of the Strain Causing the Outbreak
An E. coli O18:K1:H7 strain was the cause of the outbreak. In epidemiologic terms, the ST of the outbreak strain was ST95 (ST95 complex) and it belonged to phylogroup B2.
In addition, this strain carried the PAI II J96 -like (containing the hlyA, cnf1 and hra genes) and the PAI III 536 -like (containing the sfa/foc and iroN genes) domains. As for antimicrobial resistance, this strain showed full resistance to AMP, amoxicillinclavulanic acid, tetracycline and fosfomycin and intermediate resistance to GEN.
Comparative Study With Other K1-positive E. coli Counterparts
One (12.5%) and 5 (17.2%) isolates were found to be K1 antigen positive among 8 and 29 E. coli isolates from the HCWs and neonates hospitalized during the study period, respectively. The prevalence of this antigen was 23.8% (10/42) among the neonates hospitalized from January 2011 to October 2013. PFGE was performed in all K1-positive E. coli isolates resulting in 2 welldifferentiated clusters and 7 E. coli isolates were considered to be from the same clone because of 98.58% of band profile similarity. Six isolates were recovered from the symptomatic neonates belonging to the outbreak, whereas one was from an asymptomatic neonate who was hospitalized in the NICU at the time of the outbreak (Fig. 1) . All the E. coli isolates causing the outbreak belonged to phylogroup B2 as did most of the other strains analyzed. Only 2 strains belonged to the F phylogenetic group.
Besides the strain recovered from the outbreak case (N38), another K1-positive strain isolated from a healthy colonized neonate during the same period (N36) was tested in the C. elegans infection assay ( Both clinical isolates showed a significant difference (P < 0.0001) in virulence regarding the mean of survival compared with the avirulent E. coli OP50 control strain. The lethal time 50% was 5 versus 8 days. However, no significant differences were found between N36 and N38. Neither was any significant differences found in the sequencing of proteins.
RNA-seq analysis was performed to investigate the differences in gene expression profiles between strains N36 and N38. One hundred eight genes were differentially expressed between the strains (Table, Supplemental Digital Content 4, http://links. lww.com/INF/C740 for a complete list of these genes), with the expression levels of 68 genes being more than 3-fold higher in strain N38 than its counterpart N36, specifically, in relevant genes related to lipopolysaccharide biosynthesis, virulence and flagellar assembly (Table 3 ). In addition to the previous strains (N36 and N38), 3 more K1-positive strains (N39, N40 and N49) collected during the same period (April to October 2013) were selected to confirm the expression of several genes (Table 4) . In this case, only 3 genes were overexpressed in the outbreak strain compared with the others: 2 genes associated with lipopolysaccharide biosynthesis (rfaI and rfaL) and the papI1 gene which encodes for a regulator protein of the pap operon, showing significant overexpression.
Regarding the VFGs, the outbreak strain carried S-fimbriae (sfa/foc and sfaS) and the PAI II J96 -like domain that were not present in the other K1 strains (Table 5) .
Strains N38 and 40 showed a higher capacity of adhesion than the other strains ( Fig. 2A) , whereas strain N39 was the most invasive of the HBMECs (Fig. 2B) .
All the isolates belonging to the outbreak showed multidrug resistance having identical susceptibility patterns as those mentioned above (Table, Supplemental Digital Content 5, http://links. lww.com/INF/C741). Other strains also showed resistance to other antimicrobial agents. All the strains studied, including that causing the outbreak, had the ability to form "in vitro" biofilm.
E. coli O18:H7 strains were recovered from the outbreak cases, whereas the other 4 strains (N36, N39, N40 and N49) 
DISCUSSION
This was the first outbreak of neonatal sepsis and meningitis at the NICU of the Hospital Clinic in Barcelona. An E. coli O18:K1:H7 ST95 and phylogenetic group B2 strain were the cause of the outbreak involving 6 preterm neonates, 1 with late septicemia from a urinary focus and 5 with late septicemia and meningitis leading to death in 3 of them. All E. coli isolates from the outbreak were shown to belong to a single clone, suggesting a common source of infection.
The prevalence of K1 antigen positivity among the E. coli isolates collected from the HCWs and neonates hospitalized at the Maternity was lower than that found among previously hospitalized neonates, a similar finding to what Sarff et al 32 described in a study carried out among healthy individuals but very low compared with another study performed in France. 33 The reason why the K1 capsule and only a few O-lipopolysaccharide antigens are associated with E. coli meningitis is still unclear, but their resistance properties allow these microorganisms to produce high-grade bacteraemia. 9 The outbreak strain belonged to the serotype O18:K1:H7, which is one of the strains most frequently found among NMEC strains. 4, 34 In addition, none of the serogroups from the other strains analyzed has been previously reported among E. coli causing neonatal meningitis. All the isolates belonged to phylogroups B2 and F, considered the most virulent among ExPEC isolates. Indeed, phylogroup B2 is commonly the most representative among NMEC isolates. 2, 35, 36 Likewise, ST95 is also frequent among ExPEC isolates and in particular those that cause neonatal meningitis. 37, 38 Regarding the prevalence of VFGs by real-time PCR, the papI1 gene was overexpressed in the outbreak strain compared with the other genes. This is a transcriptional regulatory factor of the pap operon required in the P-fimbriae phase variation, a switch between the expression (phase-ON) and the loss of expression (phase-OFF) of these fimbriae. This is a regulatory complex that allows the cells to phenotypically change in response to environmental factors or other signals and represents an advantage for survival in hostile environments. 39 All the isolates including those belonging to the outbreak showed the genes encoding iron acquisition systems (fyuA, iutA, iroN and iucC) which are necessary in iron-limited environments and relevant in septicemia and other extraintestinal infections. 11, 40, 41 In particular, the fyuA gene was present in all 11 representative NMEC strains used in a study performed by Yao et al. 36 In contrast to the other strains, E. coli strains belonging to the outbreak carried the PAI II J96 -like (hlyA, cnf1 and hra genes positive) 42 and the PAI III 536 -like (sfa/foc and iroN genes positive) domains. 43 These ectochromosomal DNA-like domains, along with the possession of the ibeA gene, are very frequent among O18:K1 strains 4 and are involved in the virulence of NMEC isolates but do not explain the whole pathogenesis of meningitis. 35 The PAI I C5 , which is similar to the PAI II J96 and is harbored by strain C5, has been directly associated with bacterial survival in blood inducing high bacteremia but not with the passage of the bacteria across the blood-brain barrier. 44 As opposed to their counterparts, the outbreak strain possessed the hra gene, the presence of which is 91% homologous in uropathogenic E. coli strains compared with NMEC C5 and RS218 strains. 45 Moreover, it is suspected that these two strains have developed an extraintestinal virulence specialization, such as uropathogenicity and meningitis, which has been helped by the genetic background of the clonal group O18:K1. 35 There is controversy about the role of S-fimbriae and Cnf1 in HBMEC binding or/and invasion. 9, 44, 46 These VFGs may have contributed to the higher ability of adhesion of the outbreak strain shown compared with their counterparts and other E. coli strains in other studies. 37, 47 The only exception was strain N40, which caused infection in a mother leading to fetal death and showed the highest attachment of HBMEC. Strain N39 showed the highest capacity to invade 
FIGURE 2.
Adhesion (A) and invasion (B) assays of E. coli isolates to HBMECs. The displayed data are the mean ± standard deviation of adhesion and invasion %, respectively, of at least 3 independent experiments by duplicate. The strain N38 belonged to the outbreak, whereas N36, N39, N40 and N49 are nonoutbreak strains.
HBMEC, whereas strain N38 displayed the outstanding lowest frequency, which was very similar to that shown by the negative control E. coli K-12 HB101 in several assays. 37, 48 Multidrug resistance is a problem for the administration of adequate treatment. The outbreak strain showed full resistance to AMP and intermediate to GEN, with these antibiotics being the 1st line combination used to combat neonatal sepsis and meningitis. This results support that a change on the empiric regimen is needed in developed countries. Thus, CTX could be used instead GEN because of the low percentages of resistance found among E. coli strains causing neonatal sepsis. In addition, all the strains were biofilm-producers, a feature which makes the pathogen more resistant and virulent, 49 especially when medical devices are used and may facilitate the transmission of colonizing microorganisms.
One 3-month-old neonate developed urinary tract infection and septicemia but not meningitis. Age has been reported to be related to the achievement of the threshold level of bacteremia required for the development of meningitis but not for HBMEC binding and/or invasion. 50 At the time of the development of sepsis, this neonate did not have a low weight and therefore likely presented a stronger immune system than the other neonates. Hence, a high bacterial inoculation might have been required to reach the necessary level of bacteremia to develop meningitis. Features such as multidrug resistance, capacity of biofilm-production, virulence-associated factors (PAI II J96 -like and PAI III 536 -like domains) and pertinence to the O18:K1:H7 serotype, ST95 and phylogroup B2 may have been key factors for the strain to cause the outbreak. Nonetheless, the status of the immune system of the neonates and the lack of host defenses undoubtedly played a major role in the outcome of the disease.
The method of transmission remained unclear, although mothers, HCWs and even other neonates, as in the present case, are potential reservoirs and routes of entry of pathogenic organisms associated with nosocomial infections in NICUs.
